Metamaterials based on Ti O with ultra-high and near-zero refractive indices were obtained by DC magnetron sputtering. The data on refractive indices, extinction coefficients, film thickness, and band gaps, obtained by spectroscopic ellipsometry, showed very high potential of these materials as metamaterials. Phase analysis performed by XRD revealed the presence of titanium phases with lower titanium oxidation states resulting from high concentration of oxygen vacancies, which are crucial for such extraordinary jumps and drops of refractive indices. Numerous band gaps for direct and indirect electron transitions additionally confirmed unique properties of these materials.
Introduction
Thin titanium oxide films can be prepared by various routes, but direct current magnetron (DC) reactive sputtering is one of the most promising methods, because it allows control of the deposited film stoichiometry. High density, excellent adhesion, high hardness, and good thickness uniformity in large-area thin films can be also achieved [1] [2] [3] . A metal target can be used and a high deposition rate is achievable as well. This technique is widely applied to deposit hard, wearresistant, low friction, corrosion resistant, and decorative coatings, as well as coatings with specific optical or electrical properties [4] [5] [6] . It is especially useful for deposition of high-quality titanium dioxide (TiO 2 ) films at relatively low temperature [7, 8] . Additionally, as-prepared TiO 2 films show excellent electrical and optical properties such as high refractive index, dielectric constant, and visible light transmission, as well as strong mechanical and chemical stability, and good insulating properties [9, 10] . High refractive indices result from special phase composition and structure of the films deposited by this method, while the higher optical band gap values can be attributed to the lattice distortion. This high refractive index in the visible and the near-infrared region makes them suitable for electrooptical devices, sensors, and optical coatings and as photocatalysts for oxidation of organic compounds [3, 11] . The thin Ti O films obtained by DC magnetron sputtering, presented in this paper, showed extraordinary optical properties (ultra-high and near-zero refractive index), which classify them as metamaterials. The obtained values are two times higher or several times lower (depending on the wavelength) than the typical ones for this system found in the literature. Physical properties of these materials make them suitable for a wide range of various applications such as in microstrip technology, beam self-collimation, strong field enhancement, optical links in lumped nanophotonic circuits, biomolecular sensors, fabrication of adaptive selective lenses, tunable mirrors, isolators, converters, and optical polarizers [12] [13] [14] . 
Materials and Methods
Ti O thin films were deposited on glass slides (2.5 × 2.5 mm) using a JCK-500A DC magnetron sputtering system. Previously, the substrate surface was prepared by etching of SiO 2 layer in an ECR plasma etcher using CF 4 as an etching gas at ambient temperature. The etching conditions were 0.02 Pa gas pressure, 400 W microwave power, 500 V accelerating electrode voltage, and 200 mm gap distance between the electrodes. Prior to the introduction of the sputtering gas, vacuum in the chamber was adjusted to 4 × 10 −4 mbar. Sputtering pressure was kept at 6 × 10 −1 mbar. The flow rates of Ar (99.999%) and O 2 (99.999%) were kept constant at 44.9 and 10 sccm (standard cubic centimeter per minute), respectively. The discharges were generated at a constant power of 300 W. The substrate temperature was maintained at 200 ∘ C and the deposition rate at about 4 nm/min. Thin films of samples 1 and 2 were deposited for 45 minutes and those of sample 3 for 7 minutes. Samples 2 and 3 were additionally thermally treated at 400 ∘ C. Phase composition of the samples (their appearance is shown in Appendix A) was analyzed by XRD (Philips PW 1051 Powder Diffractometer using Ni-filtered Cu K radiation) and FTIR (Nicolet IS 50 FTIR Spectrometer). The morphology of thin films was investigated by SEM (SEM JEOL 5300). EDS (energy dispersive analysis) measurements were performed in order to determine the ratio between titanium and oxygen.
Spectroscopic ellipsometry was used for an additional characterization of Ti O thin films deposited onto glass substrate [13] . For these measurements a HORIBA Jobin Yvon UVISEL iHR320 was used with the monochromator wavelength ranging from 200 to 2200 nm (0.6 up to 4.8 eV). Refractive index and extinction coefficient were determined as a function of wavelength. The incident angle was set at 70.1 ∘ and the light spot was 1 mm in diameter. All optical spectra were recorded ex situ, with an energy step of 0.1 eV. Further analysis of the obtained optical spectra was performed by fitting the experimental data using a commercial software package DeltaPsi 2 (see Appendix B). Figure 1, ∘ , respectively. Minor rutile phase is noticed in sample 2 while in sample 3 it is the major phase, confirming that the process of recrystallization inside of the system took place during additional thermal treatment of samples. As it is obvious from Figure 1 , shapes and maxima of the broad peaks at the diffraction angle 2 between 15 and 30 ∘ are more pronounced for samples 1, 2, and 3 than for amorphous SiO 2 substrate, indicating that the amorphous phase of Ti O is the prevailing titanium phase. The crystallite sizes, calculated using the Scherer equation, are in the range 7-25 nm.
Results

Phase Analysis. As shown in
For a better insight into the structure of amorphous Ti O , the first coordination sphere radius was calculated using the well-known formula 2 sin = 1.23 , where is the scattering angle and is the X-ray diffraction wavelength [14] . The obtained value of 0.224 nm was used for determination of the bond length and comparison with the theoretical bond length of anatase [15, 16] . From these data, the chemical formula of the amorphous Ti O phase was found to be TiO 1. 8 . This indicates that the amorphous phase consists of ordered clusters with at least five interconnected subclusters of TiO 1.8 .
The quantitative phase composition of Ti O thin films, determined by spectroscopic ellipsometry and using DeltaPsi 2 software package (see Appendix B), is shown in Table 1 . The obtained data are in fair agreement with the data obtained by XRD.
EDS measurements (typical spot is shown in Appendix C) confirmed findings of XRD and spectroscopic ellipsometry. It was found that the ratio between titanium and oxygen is from 1 : 1.75 to 1 : 1.9. may correspond to the TP phonon frequency of TiO 2 in the rutile phase, and the bands at 468-453 cm −1 can be assigned to vibrations of TiO 6 octahedron, related to Ti-O stretching bonds directed either to the interlayer space or to the outer surface formed nanotube, while 434-406 cm −1 bands (samples 2 and 3) correspond to the TP phonon frequency of nanocrystalline TiO 2 phase anatase or rutile phase. Oxygen vacancies, uniformly distributed, are the main defects in the as-grown films. If present in higher concentrations they can coalesce to form pores, but the pores have not been noticed even at very high magnifications and thus the porosity of the films can be neglected.
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Based on spectroscopic ellipsometry data, using software package DeltaPsi 2 (see Appendix B), Ti O thin-film thicknesses were calculated to be 172 ± 9, 176 ± 10, and 29 ± 3 nm for samples 1, 2, and 3, respectively.
Band Gap Energy. The energy gaps
for direct and indirect electron transitions from the valence to the conduction band were determined using the Tauc equation: Table 2 . of metamaterials. Opposite to samples 1 and 2, sample 3 shows refractive indices in the range expected for anatase/rutile due to lower concentration of oxygen vacancies, that is, higher oxidation states of Ti. The extinction coefficient, as a measure of attenuation during the electromagnetic wave propagation through the material, shows slightly different behavior than refractive indices, with shifted maximums and minimums towards lower wavelength values.
Discussion
On the basis of phase analysis it is obvious that titanium is present in different oxidative states: Ti
4+ and Ti 3+ in ratio 1 : 2 (Ti 3 O 5 ), and Ti 4+ (anatase, rutile). In all Ti O , Ti is in octahedral coordination, surrounded by 6O atoms, while each O atom is surrounded by 3Ti atoms (except of TiO). The site symmetry of Ti and O atoms in all of them differs [18] .
In the rutile and anatase the site symmetry of Ti is D 2h . The elongation of O-Ti-O bonds along the direction of the coordination polyhedron and deviation of the angles from 90 ∘ lead to a decrease in symmetry from octahedral to tetragonal D 2h symmetry. In Ti 2 O 3 the site symmetry of Ti is C 3i , which leads to the distortion of the coordination polyhedra from octahedral to trigonal symmetry. In Ti 3 O 5 the symmetry of both Ti and O atoms is C s [18] .
For each of these phases, the distortion of molecular orbitals occurs due to different symmetry sites of [18] [19] [20] .
As a result of influence of distorted octahedral crystal fields in various Ti O , splitting and rearrangement of energy sublevels in e g and t 2g groups of orbitals in the conduction band occur. belong to the transition from the highest occupied molecular orbitals (HOMO), mainly O 2p orbitals, corresponding to the valence band to the lowest unoccupied Ti 3d orbitals corresponding to the conduction band [21] . These low values of band gaps show that these phases exhibit metal (TiO) and semiconductive (Ti 2 O 3 and Ti 3 O 5 ) character and consequently their metamaterials behavior. The band gap values 2.61 and 2.68 probably belong to phases with Ti oxidative states between Ti 3+ and Ti 4+ . For oxidative state Ti 4+ , it exhibits insulator characteristics (3.00-4.39 eV) [22] .
Ultra-high and near-zero refractive indices of Ti O samples 1 and 2 (characteristic for metamaterials) are the result of the previously explained electronic structure of metallic and semiconductive phases present in Ti O films. Such high defect structure induces specific interactions between light electromagnetic waves (LEW) and plasmonic waves of free electrons in the conduction band and weakly bound electrons in valence band coupled with the Ti O crystalline phases embedded in the matrix of amorphous phase. In a simplified model, Ti O nanoparticles can be considered as a network of positive nuclei surrounded by freely oscillating electrons. In interaction with LEW, these electrons accumulate on one side of the nanoparticle surface, while the other remains positive. As-formed nanodipoles have the direction opposite to the electric field of light [23] [24] [25] . They then radiate their own waves, which combine with the incoming waves. The phase between the incoming and the induced waves determines whether the refractive index will be extremely high or close to zero. If the incoming wave oscillates relatively slowly, the electrons can follow the wave: they are in phase, because their oscillation frequency around some equilibrium position is in resonance with the incoming light wave and the refractive index is extremely high (4.2 for sample 1 and 5.1 for sample 2). In the case when the incoming wave frequency exceeds that of the free electrons or particularly electrons coupled with lattices of nanocrystallites and subnanocrystallites, the electrons can no longer follow the wave, and they get out of phase. Then, the waves radiated by the electrons are out of phase 6 Advances in Materials Science and Engineering too, and the refractive index is close to zero (0.41 for sample 1 and 0.28 for sample 2) [26] [27] [28] [29] [30] .
Considering high number of various direct and indirect electron transitions between the valence and the conduction band and inside the conduction band of Ti and O in samples 1 and 2 it is obvious that during the interaction of the samples with LEW an overlapping of the conduction and valence zones occurs, forming consequently a continuous range of energy states of electrons. Some of them will be in resonance with incident electromagnetic waves at lower wavelengths (showing extremely high refractive index), while the others will be in the opposite phase at higher light wavelengths (showing close to zero values of the refractive index).
Higher values of extinction coefficients are mainly caused by intraband transitions. They can also cause a significant change in phase angle of the plasmonic wave during the interference with incident LEW. Extinction coefficient is negative in the wavelength range of 619-1033 nm for sample 1 and 688-1240 nm for sample 2. It is influenced by transfer of electrons from ground state to metastable excited state due to the energy of xenon light source during the ellipsometry measurements. Estimated amount of the energy added to the samples from the source, in area where the extinction coefficient is negative, is 1.1-1.9 eV for sample 1 and 0.9-1.7 eV for sample 2. This energy induces inverse occupation, that is, transfer of electrons to excited metastable state. Characteristics of the xenon source show that its highest intensity of radiation is in the range of 750-1000 nm. Due to this, the number of electrons in excited metastable state is maximal in that range.
Conclusions
Ti O thin films, thickness from 29 to 176 nm, were obtained by DC magnetron sputtering. The films were mainly constituted of an amorphous phase and crystal phases of anatase, rutile, and TiO. Phase composition of the films proved by XRD and ellipsometry indicated high concentration of oxygen vacancies, which caused ultra-high and close to zero values of refractive indices. The highest value of the refractive index was 5.1 and the lowest 0.28. The band gaps for direct and indirect transitions between the valence and the conduction band were in a wide range from 0.85 to 4.39 eV. The highest refractive index corresponds to the resonance of plasmonic waves of free electrons and incident electromagnetic waves, while the near-zero refractive index corresponds to the interference of plasmonic waves of electrons coupled with lattices of nanocrystals and subnanocrystals and incident electromagnetic waves.
Appendix
A. Appearance of the Films
Ti O films of various thicknesses show different colors, depending on the film thickness and concentration of oxygen vacancies ( Figure 5 ). 
B. Fitting Procedure of the Data Obtained by Spectroscopic Ellipsometry
In a Ti O system standard fit of and signal intensities was used according to the following equations:
where Ψ is amplitude change of reflected wave, while Δ is a phase change of the same reflected light beam. Software package DeltaPsi 2 gives an explicit form depending on the refractive index and extinction coefficient of the wavelength. Fitting the model to the experimental curve was estimated using the Levenberg-Marquardt algorithm, with the analytical parameters which are simultaneously determined through the iterative process change until the chi-squared function (B.2) obtains the minimum value:
In the above expression, is the total number of recorded points (Ψ eksp , Δ eksp ), while (Ψ teor , Δ teor ) are experimental values of ellipsometric angles and corresponding values calculated from the model using a parameter Γ Δ, for calculation of experimental error. All calculations were performed using DeltaPsi 2 software package, which is an integral part of the device.
Data interpretation is very difficult from the absolute values of ellipsometric (Ψ, Δ) angles and it is necessary to create an appropriate optical model. In the case of thin layers of TiO 2 fitting of the experimental data was carried out using a twolayer model: one homogeneous layer of TiO 2 and a surface layer of several nanometers, with the composition of 50% TiO 2 + 50% voids, which describes the roughness of the sample.
To describe the properties of thin films of TiO 2 new amorphous theoretical model was used, which is a modified Tauc-Lorentz model. This model is generally used to describe the dielectric that partially absorbs light (which absorbs light where the values and Γ related to the height or width of the absorption maximum and represents the energy at which the extinction coefficient has a maximum value. Parameter represents value of the material energy gap and it is equal to the lowest value of the energy which is required for the transition from the valence into the guide zone.
The refractive index is expressed by the relation 4) where and are coefficients that depend on the fitting parameters , Γ , , and . Value ∞ is an additional parameter that represents the index refraction value when → ∞.
C. A Typical Spot for EDS Measurements
See 
